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Figure 1: MagPie and its applications. (a) MagPie is a smartphone accessory for Back-of-Device interaction, which can be
attached to any MagSafe-enabled smartphones. (b) MagPie offers a rich set of modular tangible interfaces, which support
natural and intuitive interactions with tactile feedback. (c) Users can customize their interaction space by combining a family
of MagPie slices as desired. (d) The layout of MagPie can be reconfigured according to the application scenario. In each scenario,
MagpPie slices are mapped with the application’s specific functionalities. See more diverse application scenarios in Section 5.1.
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Abstract

Back-of-Device (BoD) interfaces have emerged as a promising so-
lution to free up screen real estate in smartphones by offloading
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interactions from the display to the back, thereby reducing re-
liance on on-screen interfaces. However, existing BoD solutions
face limitations, such as requiring specialized hardware, consuming
excessive power, or offering limited input vocabularies. We intro-
duce MagPie, a novel BoD interface that leverages the magnetic
phenomenon induced by MagSafe, part of the wireless charging
standard. Users can seamlessly attach MagPie to MagSafe-enabled
smartphones and interact using tangible, modular interfaces that
generate unique magnetic signals upon activation. MagPie then
detects these signals and recognizes the input through magnetic
sensing. Our experiments with real-world users demonstrate that i)
MagPie achieves high performance in accuracy, usability, deploya-
bility, responsiveness, and robustness across diverse environments,
and ii) its tangible, intuitive, and customizable design opens up pos-
sibilities for a whole new class of smartphone interaction scenarios.

CCS Concepts

+ Human-centered computing — Interaction devices; « Hard-
ware — Haptic devices.

Keywords

Back-of-Device Interaction. Tangible User Interface, Magnetic sens-
ing

ACM Reference Format:

Insu Kim, Suhyeon Shin, Jaemin Choi, Junseob Kim, Junhyub Lee, Sangeun
Oh, Eunji Park, and Hyosu Kim. 2025. MagPie: Extending a Smartphone’s
Interaction Space via a Customizable Magnetic Back-of-Device Input Ac-
cessory. In CHI Conference on Human Factors in Computing Systems (CHI
°25), April 26-May 01, 2025, Yokohama, Japan. ACM, New York, NY, USA,
16 pages. https://doi.org/10.1145/3706598.3713956

1 Introduction

One major trend in smartphone design is to maximize screen real
estate. For example, bezels have been minimized to increase dis-
play area and thus create a more immersive viewing experience.
Following this trend, researchers have proposed Back-of-Device
(BoD) interfaces that extend smartphone input space to the back.
These interfaces free up the display for primary content by reduc-
ing the need for on-screen user interface elements, such as virtual
buttons. However, the existing BoD solutions often rely on dedi-
cated hardware requiring a power supply [6, 16, 23, 24, 34, 39, 45],
consume significant energy [9, 36, 38, 41, 46], support limited input
vocabularies [15, 48, 49], or obscure part of the display [43].

To overcome these limitations, we introduce MagPie, a novel
BoD interface to leverage MagSafe technology, which embeds a
circular magnet array on the back of a smartphone. This unique
magnetic structure allows seamless attachment of magnetic acces-
sories to the device’s back, boosting the emergence of various kinds
of accessories and also unlocking new possibilities for BoD interac-
tion (e.g., functional connections between MagSafe accessories and
smartphones [12]). Building on this potential of MagSafe, MagPie
further enriches the BoD interaction experience by turning a smart-
phone’s back into a tangible input interface (see Figure 1). The
design of MagPie is inspired by our preliminary observation that
attaching ferromagnetic objects to a MagSafe magnet ring causes
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noticeable changes in the surrounding magnetic field, which fur-
ther vary with the displacement of the attached objects. MagPie
consists of i) a base frame and ii) MagPie slices. The frame, equipped
with a magnet ring, snaps onto a MagSafe-enabled smartphone
and serves as the base to fix the slices. The slices are BoD input
modules, such as buttons, that use ferromagnetic plates to convert a
user’s mechanical inputs into magnetic signals. For example, when
a MagPie button is pressed, the plate at the bottom of the button
touches the magnet in the frame, causing changes in the magnetic
field. These variations are captured using the smartphone’s built-in
magnetometer and analyzed to identify the BoD input.

This interface design based on MagSafe technology and magnetic
sensing inherently comes with benefits in terms of deployability
and energy efficiency. It is compatible with any MagSafe-enabled
smartphones, including smartphones equipped with a MagSafe-like
casel. Also, using a smartphone’s built-in magnetometer requires no
additional power supply and consumes only a few mW [21], much
lowering battery concerns compared to other vision or acoustic-
based approaches.

Despite these benefits, there are several considerations to be
addressed in designing MagPie. First, as illustrated in Figure 1, the
design of MagPie input components, i.e., a base frame and MagPie
slices, prioritize safety, accuracy, and usability as follows:

o Safety - interference-minimized design. To prevent interference
with or damage to a smartphone’s components, MagPie follows
the design guidelines for MagSafe accessories [3]. For instance,
we use only small ferromagnetic plates to avoid generating addi-
tional magnetic fields and limit the amount of the magnetic field
variations induced by MagPie. Furthermore, MagPie alters the
magnetic field only during BoD interaction. That is, it keeps the
magnetic field unchanged before and after the interaction, pre-
venting unintentional recalibration of the smartphone’s internal
sensors, such as magnetometers.

Accuracy - tangible design. BoD interfaces are prone to frequent
input errors, as their interaction space is usually hidden from a
user’s view during operation. We address this problem through
the tangible design of MagPie slices, e.g., physical buttons, which
provides tactile feedback. This feedback helps users not only con-
firm their actions but also put their fingers to correct interaction
points, thus reducing the occurrence of input errors.

Usability - modular, intuitive, and customizable design. MagPie of-
fers users a rich set of modular MagpPie slices. These slices include
buttons and levers that support natural and intuitive interactions
such as clicks and scrolls. In particular, we diversify input mech-
anisms for each slice type, further enriching input vocabulary.
MagPie also enables users to easily connect or disconnect slices
from smartphones. In other words, users can customize their
BoD interaction space as desired and even depending on the
application scenario.

Second, we implement a magnetic signal processing method to
detect and identify MagPie inputs, which provides a high level of

! According to the Wireless Power Consortium (WPC) [40], the next generation univer-
sal wireless charging technology, Qi2, will incorporate MagSafe. This will lead to the
emergence of MagSafe-enabled smartphones manufactured by diverse smartphone
vendors.


https://doi.org/10.1145/3706598.3713956

MagpPie: Extending a Smartphone’s Interaction Space via a Customizable Magnetic Back-of-Device Input Accessory

i) robustness through sensor-fused noise cancellation, ii) respon-
siveness via a simple intensity-based detection and identification
algorithm, and iii) usability with minimal user-involved calibration.
Contributions. In summary, our contributions can be listed as
follows:

e To the best of our knowledge, this is the first exploration of
transforming a smartphone’s back into tangible and customizable
user interface based on MagSafe technology.

e We propose MagPie, a BoD interface for smartphones with a
novel hardware design that addresses the considerations on
safety, accuracy, and usability.

e We conducted comprehensive experiments with a prototype im-
plementation of MagPie running on both Apple and Android
smartphones. The results show that MagPie achieves high ac-
curacy of identifying inputs (97.1% on average) with minimal
user-involved calibration and maintains accuracy across diverse
situations and environments.

o We performed in-depth user studies with 14 participants to assess
the overall usability of MagPie, demonstrating that it can open up
possibilities for a variety of intriguing BoD interaction scenarios
in the real world.

2 Related Works

In this section, we introduce previous works that extend the in-
teraction dimensions of a smartphone beyond its touchscreen and
clarify how our work differs from them.

2.1 MagSafe-based interfaces

MaglID [12] introduces a new class of interaction mechanisms us-
ing MagSafe technology. Specifically, it identifies attached MagSafe
accessories by analyzing magnetic field variations during their at-
tachment and supports a connection between the accessories and
software functionalities, e.g., performing pre-defined tasks based on
the attached accessory. Its magnetic noise cancellation technique
that uses a smartphone’s magnetometer and gyroscope together en-
sures accurate accessory identification even in noisy environments.
While MagPie similarly leverages MagSafe technology and mag-
netic sensing as a means for enabling interaction with smartphones,
it further extends the functionality of smartphones by turning their
back into a tangible and customizable user input interface, espe-
cially with its novel hardware design.

2.2 Back-of-Device interfaces

Expanding interaction to the back of smartphones has been ex-
plored to alleviate screen occlusion caused by fingers or other
objects. One approach involves attaching additional hardware,
such as keypads [23, 24, 34, 45], touchpads [35, 50], or other sen-
sors [6, 16, 39]. However, they require dedicated electronic devices
or power supplies, limiting their practicality and compatibility with
off-the-shelf smartphones. Other methods leverage a smartphone’s
built-in sensors for BoD interaction. Rear cameras [9, 41, 44] and
IMU (Inertial Measurement Unit) sensors [15, 48, 49] are used to rec-
ognize BoD finger gestures, while VSkin [36] and StruGesture [38]
detect taps and swipes via sound captured by embedded micro-
phones. However, these approaches are constrained by limited
input vocabularies (such as basic tap and swipes) and high battery
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consumption due to continuous use of energy-intensive sensors.
Some works aim to enrich input vocabulary using supplementary
devices. For example, BackTrack [43] converts the back of smart-
phones into touch interfaces by connecting specific screen areas
with electrodes installed on the back. CamTrackPoint [46] uses a
3D-printed ring on the camera bezel to track finger gestures based
on the light through a finger. While innovative, these methods face
challenges, such as reduced usability from touchscreen occlusion
for BoD interaction [43] or high energy demands from continuous
camera usage [46]. We overcome these limitations by presenting
a customizable BoD interface providing a richer input vocabulary
and improved usability without extra sensors or separate power
supplies.

2.3 Around-Device interfaces

Numerous studies have explored to extend interaction dimensions
to the space around smartphones. Some approaches involve adding
dedicated sensors, such as infrared [7, 25] or radar [11, 18], to
detect hand gestures. However, these sensors are not available on
commercial smartphones, limiting deployability. Alternative studies
propose compact, portable interfaces that utilize a smartphone’s
built-in sensors. For example, ring-shaped accessories [10, 27, 32]
enable smartphones to track fingers in their surrounding space but
require users to wear the rings continuously. Vidgets [42] provides
various input mechanisms through small widgets, though it still
requires a dedicated case for widget attachment. In contrast, MagPie
enhances deployability via i) its easy-to-attach and detach design
based on MagSafe and ii) the use of sensors available on most
commercial smartphones.

2.4 Magnetic interfaces

Traditional magnetic interfaces, such as Hall-effect switches and
joysticks [13, 28, 29], require close proximity (a few millimeters)
between sensors and interaction modules to ensure robustness
against noise. MagPie, however, uses a smartphone’s built-in mag-
netometer to detect BoD inputs from several centimeters away,
making it more susceptible to magnetic noise from movements and
the environments. MagPie addresses this issue with the use of a
magnetic noise canceling algorithm [12] that fuses magnetometer
and gyroscope data.

Magnetic sensing has also been explored to enable innovative
interactions, such as in-air gestures [1, 22, 26], 3D inputs [8, 37],
and other novel forms of user interface [2, 5, 19, 33]. For example,
MagneTips [26] tracks a magnet on a fingernail for in-air gestures,
while MagGetz [19] analyzes magnetic fields from magnet-equipped
control widgets for tangible interactions. TetraForce [37] detects
force inputs on a smartphone by estimating magnet displacement
in a specialized case. However, they rely on strong magnets, such
as neodymium, which can potentially lead to device malfunction.
In contrast, MagPie employs small ferromagnetic plates, which do
not generate additional magnetic field, and adheres to the standard
MagSafe guidelines, to avoid interference or damage to a smart-
phone’s internal components.
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Figure 2: Typical structure and polarity characteristics of
MagSafe.

3 Preliminaries

MagSafe has become the technology of choice for all smartphones.
Any smartphone with a MagSafe-like case turns into a MagSafe-
enabled smartphone. Additionally, with its integration into Qi2, the
next-generation universal wireless charging standard [40], MagSafe
will be compatible with various devices, including Android smart-
phones. In light of this trend, this section first describes MagSafe
technology and explores the feasibility of leveraging this universal
technology as a key enabler of BoD interaction.

3.1 MagSafe Technology

MagSafe, introduced by Apple, involves magnets on the back of
smartphones to enable secure accessory attachment and faster wire-
less charging. Specifically, it includes two types of magnets, a mag-
net ring and an orientation magnet. The magnet ring is a circular
array of magnets with alternating poles (see Figure 2). It creates
magnetic fields that allow MagSafe accessories, equipped with a
magnet ring, to snap onto smartphones seamlessly in any orien-
tation. On the other hand, the orientation magnet serves as an
anchor point for aligning accessories, which require attachment at
a specific angular position, such as rectangular wallets.

Design guidelines for MagSafe accessories. Apple provides of-
ficial design guidelines for MagSafe accessories [3]. Here, we high-
light some notable points among these guidelines:

o Accessories should minimize the use of additional magnets and
metal components to prevent magnetic interference with a smart-
phone’s internal sensors such as magnetometer and camera. Such
interference can disrupt sensor operation, trigger frequent recal-
ibration, and reduce both usability and energy efficiency.

o Accessories exceeding 30 mm from the center of the ring to the
top edge of a smartphone must maintain a clearance of at least 5
mm from the back of the device. Otherwise, they may come in
contact with the smartphone’s rear camera, causing scratches
and potential damage.

3.2 Feasibility of enabling BoD interaction on
MagSafe-enabled smartphones

A magnet ring on a smartphone’s back allows ferromagnetic ob-

jects, such as iron plates, to be attached to the device. When these

ferromagnetic objects are attached, they redirect the magnetic field

exerted by the ring due to their high permeability [47]. As shown
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(b) Magnetic field variations when attaching/detaching an iron plate to/from a
magnet ring. We measured the magnetometer field strength using a smartphone’s
built-in magnetometer.

Figure 3: Investigation of magnetic shielding effects. In all
experiments, we used an iPhone 12 smartphone and a circular
iron plate with a thickness of 0.8 mm and a diameter of 6.4
mm.

in Figure 3(a), even a small, thin metal plate can reroute the mag-
netic flux lines from a magnet ring and act as a magnetic shield,
preventing the line of flux from passing through the plate.

Such magnetic changes are then sensed by the smartphone’s
built-in magnetometer due to its proximity to the magnet ring.
Let m; denote a discrete-time magnetic signal measured by the
magnetometer at the i-th time instant (¢;). It is modeled as:

mi:as-mf~V+bH+17i, (1)

where mﬁV is the Earth’s magnetic field vector in the local frame

S is a matrix for soft-iron interference, b

of the magnetometer, a
is a hard-iron bias caused by an external magnetic field, and »;
is random noise. As shown in Figure 3(b), m; abruptly changes
when an iron plate is attached and detached. This is because the
attachment and detachment alter the magnetic field produced by the
magnet ring, i.e., the external magnetic field, leading to fluctuations
in bH. Additionally, m; varies differently depending on where the
plate is mounted due to localized magnetic shielding. For example,
the magnetic signal varies more significantly when attaching the
plate closer to the magnetometer (e.g., p1) because the magnetic
field emitted by the magnets near the sensor is shielded.

These observations open up the possibility of identifying a fer-
romagnetic plate’s attachment location through magnetic sensing.
Figure 4 shows that even subtle displacement of the plate near the
magnetometer (e.g., from location 1 to location 2) causes noticeable
variations in Amy and Amy,. In contrast, as the distance from the
sensor increases, the difference decreases, making it harder to pin-
point the attachment location of the plate. However, one important
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Figure 4: Magnetic field variations depending on the attach-
ment location of an iron plate. Am, and Am, are the amount
of sudden changes in X- and Y-axis magnetic signals, respec-
tively. Note that for each location, we collected a set of Am,
and Am, by attaching the plate 10 times. We then used their
mean, minimum, and maximum values as the points and the
ends of the whiskers in the plot.

observation is that the magnetic signal still shows distinguishable
changes between distant positions (e.g., an angular difference of
45° in the magnet ring coordinate). Note that similar phenomena
are also observed in other smartphones, e.g., iPhone 14 Pro, despite
different form factors.

4 MagPie Design

We design MagPie as a MagSafe input accessory that has mechan-
ical structures, such as buttons, with MagSafe magnets and fer-
romagnetic plates. It firmly attaches to a MagSafe-enabled smart-
phone and converts a user’s mechanical BoD input (e.g., pressing
a button) into a corresponding magnetic signal using the magnet
ring and plates together. The signal is then captured by the smart-
phone’s built-in magnetometer and used to build a classification
model (in a calibration phase) or to identify the BoD input (in an
interaction phase). That is, MagPie has advantages in terms of de-
ployability thanks to its MagSafe-compatible design and the use of
magnetometers available in most smartphones.

In the remainder of this section, we explain how MagPie also
meets other design requirements, including safety, usability, ac-
curacy, and responsiveness, through its hardware and software
design.

4.1 Input Accessory Design

Our input accessory consists of two key components: a base frame
and MagPie slices (see Figure 5). The frame is a base to hold input
modules and snaps seamlessly onto the back of a smartphone using
two built-in MagSafe magnets (a magnet ring and an orientation
magnet). The MagPie slices are mechanical interfaces that can be
easily coupled or decoupled from the frame. They are modeled into
two types based on the number of input states:

o Two-state slices. These slices support two input states using a
single iron plate. In the idle state, the plate is either detached from
or attached to a frame’s magnet ring. When activated, the contact
state between the plate and ring changes (e.g., from detachment
to attachment or vice versa). That is, each state has different
magnetic properties.
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Figure 5: Structure of MagPie components: a base frame and
MagpPie slices.

o Three-state slices. Another input module supports one idle and
two different active states using two plates in different positions.
In each active state, a different plate contacts the ring, resulting
in the generation of unique magnetic signals for each state.

The design of MagPie prioritizes safety, usability, and accuracy as
follows.

Safety-aware design. First, MagPie components comply with the
dimensional guidelines of MagSafe accessories [3] to prevent po-
tential damage to smartphones. A frame does not exceed 30 mm
from the center of its magnet ring to avoid interfering with the
smartphone’s rear camera. However, MagPie slices slightly exceed
the dimensional limit to expand the interaction area while main-
taining a 5 mm clearance to prevent scratches. Second, we minimize
magnetic interference caused by MagPie components. During inter-
action, slices just redirect the magnetic field exerted from a frame’s
magnet ring using their plates, i.e., without generating extra mag-
netic fields. To further reduce magnetic interference, we keep the
size of the plates small (e.g., a radius of 3.2 mm and a thickness of
0.8 mm), but only so much that the accuracy of input recognition is
not compromised. Additionally, slices are designed to return their
idle state after each interaction by using elastic materials such as
springs. This implies that the magnetic conditions around a smart-
phone remain the same before and after the interaction, eliminating
the need for recalibrating the smartphone’s sensors.
Accuracy-aware design. MagPie slices are designed as tangible
interfaces that provide tactile feedback, such as pressing a button.
This feedback allows users to confirm their actions without relying
on visual or auditory cues, reducing errors in BoD interfaces, which
are not visible during use. In addition, MagPie slices have an angle
of 45 degrees (if they are two-state slices) or 90 degrees (otherwise),
which allow up to eight slices to be combined on MagPie. A further
decrease in the angle might enable building a richer set of slices,
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Figure 6: Tangible MagPie slices which incorporate iron plates, control parts (e.g., handles), and springs.

but would cause difficulties in distinguishing inputs on different
slices because their plates are placed too close together to make
noticeable changes in magnetic signals as discussed in Section 3.2.
Therefore, we maintain an angle difference of more than 45 degrees
between any two plates by configuring the angle and plate location
of MagPie slices as shown in Figure 5.

Usability-aware design. MagPie slices are modular, allowing
users to customize their BoD interaction space by freely combining
a family of slices, and even reconfigure it anytime and anywhere.
We further enhance the usability of MagPie by introducing various
types of interface designs (see Figure 6), which can enrich input
vocabulary, as follows:

o Button slices. Button slices have a structure of typical push but-
tons. They are categorized into two types, a rear button (rButton)
and a side button (sButton), based on their input mechanism.

— rButton. An rButton supports vertical inputs. When it is
pressed, its flat spiral spring is extended downwards, caus-
ing the plate attached to its bottom to touch a frame’s magnet
ring and produce magnetic field changes. When released, the
spring returns to its initial position, restoring the magnetic
field.

— sButton. An sButton is pressed (in an active state) and released
(in an idle state) horizontally using a zigzag spring. In partic-
ular, an iron plate at its bottom keeps contact with a magnet
ring in the idle state and detaches from the ring when the
button is pressed.

o Lever slices. Lever slices are three-state slices that support diverse
input states through rotational movements. They are designed
into two types, a rear lever (rLever) and a side lever (sLever),
with different rotational structures.

— rLever. An rLever supports two types of user input (pushing
forward and pulling back) using a spiral torsion spring. When
a user rotates the lever, the spring is twisted along the input
direction. In particular, depending on the direction, the plate

positioned at a different location contacts with the magnet of
the frame, generating unique magnetic signals.

— sLever. An sLever rotates in clockwise or counterclockwise
directions. These rotational inputs are enabled by two spiral
torsion springs installed inside the lever and two plates at-
tached to the tip of each spring. When the lever rotates, one of
the springs is twisted, making its plate move toward the mag-
net ring on the frame and finally causing magnetic variations.

Note that our interface design draws inspiration from daily smart-
phone interactions, such as tapping and swiping. Tapping is mir-
rored as button presses and swiping, a directional movement, is
adapted to the movement of levers. This ensures natural and intu-
itive user experience by maintaining consistency with traditional
smartphone interactions. Moreover, we expect that the vocabulary
of MagPie can be further enhanced by introducing a broader range
of slices. One example is a dial slice that can offer a playful user
experience like setting a cooking timer or unlocking a screen.

4.2 Magnetic-based BoD Input Sensing

Once a MagPie slice is triggered, we first detect the input event,
called MagPie input, by analyzing sensor streams collected from
the smartphone’s built-in magnetometer. We then take a magnetic
signature for the event and create a set of training data (in a cali-
bration phase) or identify the slice that produces the signature (in
an interaction phase).

Noise robust MagPie input detection. A magnetic signal m; is
influenced by not only MagPie inputs but also various factors, in-
cluding a user’s rotational movements and environmental changes
as illustrated in Figure 7. Therefore, as a preliminary step for detect-
ing inputs, we discard such noise from m; by using magnetometers
and gyroscopes together?. Assume that the initial parameters for
magnetic interference from surrounding environments, denoted as

2This sensor-fused noise cancellation approach is conceptually similar to the technique
proposed in [12].
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Figure 7: Orientation-independent and noise-robust signa-
ture extraction. The Y-axis magnetic signal was obtained by
repeatedly pressing and releasing a button slice coupled to
the bottom side of a frame while walking around a corridor.

ag and bgl , are obtained in a calibration phase. We first utilize the
parameters to correct for the environmental magnetic interference
as follows:

m = (@) (m; = bf). ®
where ml.c is the calibrated magnetic signal. We then measure Amf,
the amount of changes between mlc and m®, while minimizing the

effect of the rotational movement noise based on the following
SENC algorithm:

Amgz = ml-c - Aq;} . mJc - Aqj i 3)

where Agj ; is the quaternion to represent a rotation change of the
smartphone between ¢; and t; measured using the gyroscope read-
ings collected from t;11 to t; [20] and j is i — IP Note that we set I
to a sample length of 100 ms based on our preliminary observation
that m; varies suddenly (within less than 100 ms), when a ferro-
magnetic plate is attached to or detached from the smartphone’s
magnet ring.

Amgz might be still erroneous as shown in Figure 7. Such er-
rors mainly occur when a user moves around indoor environments
where have local asymmetry of ferromagnetic and electromagnetic
elements. However, we observed that the environmental interfer-
ence noise caused by the user displacement varies slowly even in
complex indoor scenarios, e.g., going up and down stairs, while
MagPie inputs make abrupt magnetic changes. Based on this empir-
ical observation, we obtain Am%p by filtering out the slowly-varying
noise from Amﬁ2 with a Butterworth high-pass filter, which has an
order of 1 and a cut-off frequency of 0.5 Hz.

Given Am?, MagPie detects an input at t; by verifying three
conditions: i) none of the MagPie slices in a currently-used layout
is in an active state?, ii) the magnitude of mf ,ie., ||Am%D ||, is greater
than a detection threshold (67) configured in a calibration phase.
Here, we use the magnitude, instead of each axis value, to detect
inputs made on any locations that cause significant magnetic field
variations, but in different directions as illustrated in Figure 4, and
iii) the magnitude is a local maximum value among the magnitudes
in a range from t; — 50ms to t; + 50ms.

Lightweight MagPie input recognition. Once a MagPie input
is detected at t;, MagPie uses Amf , an orientation-independent

3MagPie supports a single input mode where at most one slice can be activated at a
time.
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Figure 8: Graphical user interface for registering a MagPie
layout.

and noise robust three-axis magnetic feature, as the signature for
recognizing the input. Suppose that during a calibration phase, a set
of training data Am]T. is collected for each slice in the current layout.
MagPie performs input recognition using a one-nearest-neighbor
method by finding the training sample with the shortest normalized
distance (d*) to Amf as follows:

[AmE — AmT]|
d* = min —TJ,
Vi (i

<j<nal (4)

where n” is the total number of the training samples. The slice
corresponding to the closest sample is then activated if d* < 0.35. If
it is a three-state slice, we activate its corresponding state. The slice
reverts to idle at ¢; if||mJC - Aqlz’}_ . mg - Agy. j1|, where k is i — P is
less than ||mJC - Aqi_’jl . mlc - Ag; j||. This condition ensures that mJc
has a similar value with that obtained at f, i.e., before activating
the slice.

It should be noted that MagPie slices have discrete input states
(idle and active) but also support an additional virtual state, called
an active-and-hold state, for continuous inputs. Once a slice is
activated, it transitions into the state until explicitly deactivated.
This addition allows MagPie to support continuous controls, such
as adjusting volume and zooming, which are integral to smartphone
usability.

Simple one-time calibration. Before enabling BoD interaction
on a smartphone, MagPie conducts a user-involved calibration con-
sisting of three steps:

o Layout registration. Users register a MagPie layout, which they
will use, through a graphical user interface as shown in Figure 8
by freely mapping specific slices to desired positions.

o Training set creation. After layout registration, users are asked
to collect a set of training data for the layout by triggering each
slice 5-10 times in comfortable poses. For each input, MagPie
extracts its signature as described above and uses it as a training
sample (AmiT), We then set the input detection threshold (67)
empirically as 0.8 X minl’.‘:T1 ||AmlT||. This entire process, which
takes under a minute, is needed only once for each layout. This is
thanks to the capability of MagPie to discard the effect of smart-
phone orientation and environmental noise on magnetometer
readings and thus extract environment-independent and time-
invariant signatures. Note that we can further reduce the burden
for training data collection by sharing training samples between
layouts if they use the same type of slices on the same positions.
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Figure 9: Application scenarios of MagPie. (a) Click-away
adjustment of screen brightness while watching video clips.
Users can gradually increase or decrease the brightness by
continuously pulling the sLever to the left or right. (b) Unin-
terrupted note-taking through simultaneous use of a touch-
screen (for handwriting) and MagPie (for pen/eraser mode
switching).

e Sensor calibration. Users are instructed to move their smart-
phone in a figure-eight motion for a few seconds to collect mag-
netometer data, which is used to compute the initial inference
parameters (ag and bOH ) via an ellipsoid fitting algorithm [31].
This manual sensor calibration is required when newly attach-
ing the MagPie accessory or changing layouts. The parameters,
however, may lose accuracy in long-term use due to changes
in surrounding magnetic environments. In this case, MagPie au-
tomatically updates them with the help of commercial mobile
platforms, including iOS and Android, which support periodic
magnetometer calibration [4, 14].

5 MagPie Implementation

We develop a hardware and software prototype of MagPie as a
MagSafe accessory and a library for i0S and Android applications.
The accessory consists of low-cost components, including a base
frame and slices (printed with PETG filaments using a Bambu Lab
X1-Carbon 3D printer), a MagSafe magnet ring, and iron plates. Its
total manufacturing cost is less than 4 USD. Note that we confirmed
that the 3D-printed components have high durability, reliably han-
dling over 10,000 inputs in real-world environments. Durability
could be further enhanced by using flexible materials such as nylon.
Once the accessory is attached to a smartphone, MagPie tracks
magnetic field variations using the smartphone’s built-in magne-
tometer and gyroscope at a sampling rate of 100 Hz and identifies
MagPie inputs via our proposed magnetic sensing method.

5.1 MagPie Applications

MagpPie with its reconfigurable design encourages the development
of more user-friendly and innovative applications. In light of this,
we have implemented diverse smartphone applications that provide
enhanced or even unique user experiences with MagPie. These
include game, video player, camera, and note-taking applications.
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Figure 10: MagPie layouts used for experiments. A slice with
dotted lines represents an empty slot in a base frame.

Tangible BoD gamepads. MagPie turns the back of a smartphone
into a tangible game controller. For instance, an rLever can serve
as a directional pad for side-scrolling games, while rButtons handle
in-game actions (see Figure 1(d)). This BoD gamepad eliminates
the need for on-screen virtual buttons, freeing up display space
and allowing players to use more than just their thumbs during
gameplay. Additionally, MagPie enables smartphones to act as re-
mote game controllers. Imagine someone who plays mobile games
on a larger screen via screen sharing. With the tangible design of
MagPie that provides tactile feedback, he no longer needs to look at
his smartphone to find buttons, enabling more immersive gameplay
experiences.

Click-away video player control. Adjusting settings like bright-
ness during video playback can severely disrupt viewing experience
on legacy smartphones. For example, iPhone users should open
Control Center by swiping down from the top-right corner of the
screen, and then increase or decrease the brightness. During this
time, the entire video screen is covered by the center. With MagPie,
users can easily adjust the screen brightness by just attaching an
sLever slice and pulling it left or right without covering the screen
(see Figure 9(a)). Furthermore, they can add more slices to han-
dle diverse functions in the video player, such as fast forward and
rewind.

Camera interfaces for one-handed use. Modern camera applica-
tions offer numerous features, from just taking a photo to changing
a lens, zooming in and out, focusing on objects, and switching
shooting modes. However, fully utilizing these features often re-
quires both hands, limiting usability in one-handed scenarios, such
as when carrying luggage. MagPie addresses this by enabling users
to customize the combination of MagPie slices for one-handed use
and map them to specific camera functionalities as demonstrated
in Figure 1(d).

Uninterrupted note-taking via simultaneous use of touch and
BoD interfaces. Note-taking on smartphones often requires users
to pause to adjust tools or navigate menus, disrupting the workflow.
With MagPie, the users can avoid these interruptions with the
collaborative use of touch and BoD interfaces. For example, as
illustrated in Figure 9(b), they can switch to eraser mode by simply
pressing an sButton slice while handwriting on the touchscreen.
This simultaneous use opens up such new multitasking scenarios,
which can improve both usability and efficiency of note-taking
applications.

6 Microbenchmarks

In this section, we verify the design of MagPie in terms of accuracy,
usability, deployability, and robustness through experiments with
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Figure 11: Overall identification accuracy of MagPie. Note that in (c), each class denotes the attachment location of its corre-
sponding slice, while ’ND’ denotes inputs not detected by MagPie.

real-world users. The benchmark experiment and the user studies
in Section 7 were approved by the Institutional Review Board (IRB)
of the institution to which the primary authors are affiliated.

6.1 Methodology

We conducted experiments with 14 participants (8 males and 6 fe-
males) from our university. They, aged 20 to 28, were selected since
they are one of the most active smartphone users. All experiments
were performed in a controlled classroom environment to minimize
magnetic field fluctuations caused by electronic devices and user
movements. During the entire experiment, we utilized an iPhone 12
smartphone running iOS 17.6 with four MagPie layouts (L — Lg),
as depicted in Figure 10. Specifically, L; is modeled for situations
where the maximum number of MagPie slices (i.e., eight rButtons)
are used. On the other hand, Ly — L4 layouts are tailored to camera,
game, and video player applications, respectively, mentioned in
Section 5.1. The participants were required to maintain specific
orientation and holding styles according to the application scenario.
For instance, they kept a right-handed use in portrait mode for L,
while using L3 and L4 in landscape mode with both hands. In the
case of Ly, which does not match a certain real-world scenario, the
participants were instructed to use it freely without adhering to
specific settings. Be aware that the layout for the note-taking appli-
cation scenario, discussed in Section 5.1, was not included in the
microbenchmark experiments as it shares similar configurations
with Ly.

In these experiments, the participants initially performed layout
registration and sensor calibration once per layout, followed by
making 50 inputs for each slice (100 for three-state slices due to
their two input mechanisms). During that time, we simultaneously
collected sensor streams using the smartphone’s built-in magne-
tometer and gyroscope with a sampling rate of 100 Hz and extracted
the magnetic signature of each input using our proposed input de-
tection method. For evaluation, we constructed a training data set
by randomly selecting 10 signatures per slice and used the rest as a
test set. This process was repeated 100 times for each layout.

Unless otherwise specified, we conducted all the microbench-
mark tests with the default setup discussed above.

Metrics. We verify the performance of MagPie using the following
metrics:
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Figure 12: Impact of calibration efforts. Note that each cali-
bration process can be done within one minute.

o Identification accuracy. We define the identification accuracy as
the ratio of the number of successfully identified MagPie inputs
to the number of total inputs.

e False Activation Rate (FAR). The false activation is defined as
the event that noise is mistakenly identified as a MagPie input.
We then measure FAR, i.e., how often false activation occurs
while using MagPie, as the ratio of the number of false activation
events to the number of total inputs.

6.2 Overall performance of MagPie

MagPie achieves high identification accuracy (97.1% on average)
and low FAR (0.7% on average) regardless of users (see Figure 11(a)).
This is thanks to the easy-to-use design of MagPie. For example, we
observed that most of the participants could make MagPie inputs
effortlessly using their fingers placed in the back of the smart-
phone. While users (e.g., U10 and U14) with smaller hands than
average faced challenges in using MagPie, especially with layouts
containing many slices (e.g., L1), MagPie still delivers reasonable
identification accuracy (> 93.6%). The accuracy could be further
improved in real-world use cases via the reconfigurable design of
MagPie to allow users to customize layouts based on their hand
size and smartphone holding style.

Figure 11(b) illustrates that MagPie precisely identifies user in-
puts on diverse layouts with different slice configurations. On L4,
which has the maximum number of MagPie slices, identification
accuracy slightly drops because inputs made on the slices located
far from a smartphone’s magnetometer have similar magnetic sig-
natures as observed in Section 3.2. Therefore, as demonstrated in
Figure 11(c), MagPie fails to accurately distinguish the inputs for
the slices attached to the locations 'B’, ’BL’, and ’L’. However, ex-
cept these locations, MagPie keeps high accuracy inputs because it
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Figure 13: Impact of smartphone form factors.

maintains at least 45-degree spacing between ferromagnetic plates
present in slices and thus ensures unique magnetic signatures from
each slice. This indicates that MagPie can provide users with fluent
vocabulary by combining various kinds of slices.

Impact of the number of training data. MagPie requires users to
collect training data when a layout is newly registered. Therefore, to
enhance usability, it is essential to minimize a user’s training effort.
As shown in Figure 12, identification accuracy remains above 96.3%
even with just five training data per slice. Increasing the number
of training data improves the accuracy but slightly, demonstrating
that a simple one-minute calibration is sufficient to convert the
back of a smartphone into an interaction space.

Response time. We measured the time elapsed to handle each
MagPie input (1,000 times in total) to verify how fast MagPie can
provide feedback to user inputs. The experiment results confirmed
that MagPie processes quite efficiently, with an average response
time of 5.87 ms. This is significantly faster than the minimum
responsiveness required for user-interactive applications (e.g., a
latency of 100 ms) [30].

Battery consumption. We evaluated MagPie ’s energy overhead
on Android, as it provides more detailed battery usage information
compared to other platforms. Using a Google Pixel 4, we measured
power consumption over 30 minutes under two conditions: display-
ing a blank screen at 50% brightness with no applications running,
and the same setup with MagPie running in the background. To
simulate intensive usage, MagPie inputs were repeatedly triggered,
mimicking scenarios like button mashing in gameplay. Each ex-
periment was repeated five times. Results showed that MagPie
increased battery consumption by 32 mAh, a negligible impact
given the smartphone’s 2800 mAh capacity.

6.3 Robustness of MagPie

We carried out further experiments with 5 real-world users to assess
the robustness of MagPie. In more detail, we designed experiments
to evaluate the effectiveness of MagPie under various conditions,
encompassing different devices, user movement variations, and
environmental changes. It is worth noting that all these robustness
experiments were conducted on the layout L4, assuming a realistic
scenario where users are watching videos in diverse conditions.

Against device variations. We examine the effect of smartphone
form factors on the performance of MagPie using six different
smartphones (Apple iPhone X, iPhone 12, iPhone 14 Pro, Goole
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Figure 14: Robustness experiment setups and results.

Pixel 4 (Pixel 4), Google Pixel 7 (Pixel 7), and Asus Rog 5s Pro (Rog
5s Pro)). Among these, iPhone X, Pixel 4, Pixel 7, and Rog 5s Pro
are not MagSafe-enabled smartphones. So, we used a MagSafe-like
case designed for the smartphones to snap MagPie onto the devices.
As shown in Figure 13(a), MagPie performs well on iPhone 12
and iPhone 14 Pro with native MagSafe support. For example, it
achieves an identification accuracy of 99.5% and an FAR of 0.1%
even on the large-sized smartphone (iPhone 14 Pro). Similarly, on
non-Apple devices such as Pixel 7 and Rog 5s Pro, MagPie provides
high identification accuracy (above 97.8%) and low FAR (below
1.6%). However, MagPie struggles on Pixel 4 and iPhone X as their
magnetometer is placed at the left- or right-center side. This place-
ment causes two problems. First, the magnetometer readings vary
significantly even with subtle movements, e.g., incomplete pressing,
on the slices located too near the sensor, resulting in a considerable
increase in FAR. Second, identification accuracy decreases because
inputs from slices on the opposite side of the magnetometer pro-
duce weaker magnetic variations and thus have less-discernible
signatures. For example, on Pixel 4 with the layout L1, the accuracy
drops by 22.9 percentage points for MagPie inputs made at the
farthest location from the magnetometer ('R’) compared to those at
'L’ (see Figure 13(b)). Note that as discussed in Section 6.2, similar
accuracy drops are observed in MagSafe-enabled devices, but at
different locations than Pixel 4 due to differences in magnetome-
ter placement. A potential solution to mitigate these issues is to
provide a device-specific instruction for layout configuration. For
example, given a smartphone’s magnetometer location, MagPie
could identify less-effective areas for BoD interaction and guide
users to avoid placing multiple slices in those regions.
Against magnetic noise. MagPie, as a magnetic interface, is sus-
ceptible to magnetic noise from user movements and environmental
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the statistical significance at the 5% levels.

variations. To verify its robustness, we conducted the following
experiments:

o User movement noise experiments. Participants used MagPie while
walking outdoors (a park) and indoors (a corridor and a stairs).

e Environmental noise experiments. Participants used MagPie at
four locations in an office room, each with different magnetic
noise sources as shown in Figure 14(a).

In this robustness test, we also evaluate the usability of MagPie
by measuring its performance with two different training sets; i) a
baseline training set collected in the default environment described
in Section 6.1 and ii) an environment-specific training set collected
in the target environment.

Figure 14(b) illustrates that MagPie maintains high performance
even under noise, achieving identification accuracy above 95.8%
with a negligible number of false activation events. This robustness
comes from the noise reduction techniques used in MagPie, such as
sensor-fused magnetic noise cancellation [12] and user-involved or
automatic magnetometer calibration (details in Section 4.2). These
methods also help extracting environment-independent signatures
by filtering environment-specific interference noise, thus enabling
MagPie to offer high accuracy without requiring additional training
data for the given environment. For example, MagPie achieves an
average identification accuracy of 97.2% with the baseline training
set. This confirms that training data collection is needed only once
per layout during registration, thereby enhancing usability.

7 User Studies

We conducted user studies with two objectives: 1) Study 1: To
evaluate user experience with applications using MagPie, and 2)
Study 2: To evaluate user experience with the processes required
for using MagPie (e.g., calibration, button registration). A total of
14 participants (7 males and 7 females) participated in Study 1.
Among them, 11 participants (6 males and 5 females) who were
interested in MagPie ’s reconfigurability also participated in Study
2. The participants were recruited from a local university, with
an average age of 22.07 years (SD = 2.79). All participants had
over three years of smartphone experience and were familiar with
smartphone usage. Only individuals who had not participated in the
microbenchmark experiment were eligible for these user studies.
Each participant was compensated with $15. It should be noted
that we also conducted a comparison study between MagPie and

the touchscreen interface in terms of task completion time during
gameplay. This additional study result is provided in the Appendix
for reference, as they are supplementary to the primary findings
discussed here.

7.1 Study 1: Evaluating Usability of MagPie
Applications in Everyday Tasks

The primary goal of this study is to validate a potential of MagPie
as a practical solution. To this end, we assessed the usability of
MagPie in comparison to touchscreens, widely regarded as the gold
standard for smartphone interaction, across diverse application
scenarios.

Task and experiment design. In the experiment, we provided
video player, camera, and note-taking scenarios described in Sec-
tion 5. For each scenario, we developed three new applications
to enable input using MagPie as well as a touchscreen. For a fair
comparison, the applications using the touchscreen interface were
designed to be operated in a way that closely resembles the in-
teraction methods used in everyday life. Specifically, participants
conducted given tasks in three different scenarios as follows:

o Video player scenario. Participants were asked to play and pause
videos, adjust screen brightness, and seek specific scenes with
Ly in Figure 10. The fast-forward and rewind functions were
assigned to the rLever, play/pause to the rButton, and brightness
adjustment to the sLever. Participants operated the video player
application in landscape orientation, using both hands to control
the interfaces.

Camera scenario. Participants were instructed to zoom in and out,
switch between video and photo modes, toggle between front and
rear cameras, and take pictures with Ly in Figure 10. The layout
included an sButton for capturing, an sLever for mode switching
and camera direction toggle, and an rLever for zooming in and
out. Participants operated the device in portrait orientation with
one hand.

Note-taking scenario. Participants were instructed to write, erase,
undo/redo, change pen types, and adjust thickness using a modi-
fied version of Ly in Figure 10, where the sLever at the 'R’ position
was replaced with an sButton. The layout included an rLever
for adjusting pen thickness, an sButton on the right for undo,
and another sButton on the left for toggling pen mode (e.g.,
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erasing/writing). Participants operated the device in portrait ori-
entation, holding it with one hand and using a capacitive stylus
with the other.

Procedure. The studies were conducted in the order of video player,
camera, and note-taking scenarios. In each scenario, participants
first interacted with the touchscreen interface to operate the pro-
vided application and then switched to the MagPie interface. Ini-
tially, we provided our predefined MagPie interface layout to par-
ticipants as described above. Subsequently, we explained the cus-
tomizability of MagPie to users and offered the opportunity to freely
customize the interface. This allowed participants to adjust the po-
sition of each module as desired and selectively allocate only the
necessary functions, enabling them to create their own personalized
interface configuration. At the end of each scenario, participants
answered a NASA-TLX [17] survey with a 7-point Likert Scale to as-
sess the workload caused by MagPie and the touchscreen, and they
evaluated the overall usability of MagPie after all of the scenarios.
Result. Figure 15 summarizes the NASA-TLX survey results for
each application scenario. Note that the Wilcoxon Signed-rank
test is used to assess the statistical significance as the data are not
normally distributed. Across all scenarios, users reported higher
mental demand when using MagPie (z = -2.43, -2.96, -2,47, and p <
.05, <.001, < .05 for video player, camera, and note app, respectively).
In addition, on average, MagPie was found to require a higher
workload in the physical demand (z = -2.67, p < .01) and effort (z
= -2.83, p < .01) metrics. These results may be attributed to the
unfamiliarity of MagPie compared to touchscreens. For example,
P4 stated, "I've never used an accessory attached to the back of a
smartphone before, so it feels a bit awkward." Despite this, many
participants found usability comparable in some aspects, such as
temporal demand (z = -0.71 and p = 0.48 on average), and they
positively evaluated MagPie ’s overall usability in the post-survey,
particularly appreciating its shortcut functionality.

As shown in Figure 16, most of the participants responded posi-
tively to the questions regarding ease of learning (5.86 on average
(SD=1.23) in Q2), intuitive design (5.35 on average (SD=1.22) in Q3),
and occlusion issue (5.92 on average (SD=1.05) in Q5). P11 com-
mented, "The operations of the slices were intuitive, making it easy
to use.", and P14 remarked, "Operating tactile buttons on a mobile
device was intriguing, and it became more convenient as I became
accustomed to it." However, for the question about convenience (Q1),
29% of participants responded disagree or somewhat disagree. In
the interview, P5 and P9 stated, "Because my hands are small, the
more slices are attached, the worse the grip comfort becomes.". Also,
P6 and P7 mentioned, "It was difficult to operate when too many
modules are attached." These responses increase the need for more
ergonomic design of MagPie slices.

Moreover, participants also commented on their evaluations
of each scenario. Among them, in the camera scenario where the
mobile device had to be operated with one hand, the users especially
highly evaluated the usability of MagPie. P3 responded, ‘It was
convenient to use the desired functions with one hand in the camera
scenario,” and P7 responded, “It was intuitive because the actual
actions and functions such as zooming in/out or shooting using the
sButton on the camera were well-matched.” The participants also
mentioned the benefits of BoD interactions, such as avoiding screen
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Figure 16: Post-survey results on Usability of MagPie. Note
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occlusion and providing shortcuts. P10 and P14 commented, Tt was
good that the input could be transmitted without the problem of
covering the screen.” In particular, P10 responded, “While watching
videos or taking notes, it was beneficial that MagPie could use specific
functions immediately without needing to activate a control center”
P14 also mentioned in terms of interest that the operation principles
and methods of using MagPie were fun.

Especially, the intriguing point to the participants was the fact
that the layout was reconfigurable. After completing each scenario
using the predefined layout we provided, we allowed participants
to modify the layout as desired. They tried to adjust the layout
by moving the position of slices or reducing the number of slices.
P9, who mentioned discomfort due to hand size, said, "Control
became much more comfortable after customizing the layout.”" P7 and
P9 stated, "Excluding slices that make it uncomfortable to hold, the
usability is satisfying." Additionally, P6 and P11 noted, "Moving the
position of modules that felt uncomfortable greatly improved the user
experience.” These findings indicate that MagPie’s customizable
design, which allows users to tailor the interface to their needs
and preferences, can significantly reduce workload and increase
usability.

7.2 Study 2: Evaluating Layout Registration and
Reconfiguration Process of MagPie

We conducted an additional study to evaluate first-users’ experi-
ences during the layout registration and reconfiguration processes
required to use MagPie. A total of 11 participants (6 males and 5
females) volunteered for this study, and they were compensated
with $10.

Task and experiment design. The study provided three potential
scenarios for using MagPie:

o Layout registration. Participants, as first-time users, were asked to
register the Ly layout for using the camera app(see Figure 10). The
setup and registration process consists of i) attaching MagPie
slices to the base frame for configuring the target layout, ii)
registering the layout via MagPie configuration application, iii)
performing an eight-figure motion for sensor calibration, and iv)
collecting training data for individual slices.
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Scenario #1 | Scenario #2 | Scenario #3
Mean | SD | Mean | SD | Mean | SD

Q1 - How fast could you

4.00 1.34 5.45 0.82 6.36 0.67
complete the setup processes?

Q2 - How convenient were
the setup processes?

Table 1: Survey results from Study 2. Each rating was col-
lected in a 7-point Likert Scale after the completion of each
scenario.

3.82 154 | 527 1.01 6.55 | 0.52

o Layout reconfiguration. After the first scenario, the participants
could modify the layout of modules based on their preferences.
After that, they registered the reconfigured layout.

o Layout reuse. Assuming users with prior experience, the partici-
pants were asked to simply reuse a previously registered layout.
For the reuse, they just performed the first and third tasks of the
layout registration process.

Procedure. Participants were briefed on the registration process
and followed on-screen instructions for the setup.

We provided the scenarios in order, starting from the first sce-

nario assuming a first-time user, to the third scenario assuming a
user with prior experience. After completing each scenario, par-
ticipants rated the setup process by rating its perceived duration
and convenience using a 7-point Likert scale. We opted to survey
perceived time and convenience rather than measuring actual exe-
cution time or completion rates to focus more on investigating the
user experience. Additionally, we performed follow-up interviews
to receive detailed feedback from the participants.
Result. Table 1 presents the survey results for each scenario. In
Scenario 1, where participants encountered the registration process
for the first time, the ratings of 4.0 for speed (Q1) and 3.82 for
convenience (Q2) reflect the challenges of learning a new system.
Some participants reported that the training data collection process
felt lengthy. For instance, P13 stated, “Collecting training data five
or ten times felt repetitive and long. Although the process itself is
straightforward, it gives the impression that the overall process is
longer than it actually is."

In Scenario 2, ratings increased by 1.45 points. This improvement
can be attributed to two main factors. First, 72.7% of participants
retained some slices from their previous layouts when configuring
a new layout based on personal preferences, reducing training data
collection as explained in Section 4.2. Second, the same percentage
of participants reported better familiarity with the registration
process after completing it once, making the setup more intuitive.
For instance, P4 stated, "The setup process itself is not difficult, so I
was able to understand and perform the registration steps easily."

In Scenario 3, where participants reused a previously saved lay-
out, ratings further improved, with the highest scores observed (6.4
for Q1, 6.5 for Q2). This reflects the benefits of having pre-collected
training data for input recognition and prior layout configuration,
requiring only accessory attachment and sensor calibration for im-
mediate use with minimal effort. These findings indicate that the
effort required for the preliminary setup of MagPie may decrease
further with repeated use.

In summary, when first using MagPie, participants felt that the
process of collecting training data was somewhat lengthy (P2, 9,
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13). However, they responded that the registration process itself
was easy to learn and not particularly burdensome (P2, 3, 4, 6, 8, 10,
11, 13). Notably, once a specific layout was registered and reused,
participants reported that the time required to start using MagPie
became significantly shorter (P3, 10, 11).

However, approximately 45.5% of participants reported that the
sensor calibration process slightly detracted from the overall con-
venience of the MagPie’s registration process. The most common
sentiment among participants who found the calibration incon-
venient was that “Performing this motion every time the layout is
changed feels tiresome to users.”. This feedback highlights an area for
potential improvement in simplifying the calibration step to further
enhance the user experience. Additionally, some participants sug-
gested that the registration process could be further streamlined by
enabling the system to automatically recognize the layout configu-
ration during the slice attachment phase. For example, P14 noted,
"It would be much more convenient if the system could instantly rec-
ognize the slice upon attachment and be ready to use right away". We
consider adding distinctive patterns at the slice connection points to
address these needs, enabling automatic slice recognition through
unique sounds or vibrations and enhancing the user experience.

8 Limitation and Future Work

Enhancing robustness to extremely heavy noise. MagPie may
experience malfunctions in extremely noisy environments, such as
in elevators, electric vehicles, and subways, despite the use of noise
cancellation techniques. One possible solution involves incorporat-
ing additional features robust to magnetic field distortions, such as
subtle motions caused when using MagPie slices. We leave this as
our future work.

Consideration of long-term magnetic field impacts. Prolonged
exposure to magnetic fields can cause smartphone malfunctions,
such as repeated IMU recalibration or interference with optical im-
age stabilization. To minimize these effects, MagPie strictly adheres
to MagSafe accessory guidelines [3] by using small ferromagnetic
plates that generate no additional magnetic fields and ensuring sta-
ble magnetic conditions before and after BoD interaction. However,
frequent magnetic field fluctuations over long periods may still pose
risks. Therefore, it is essential to conduct a long-term evaluation of
how MagPie might impact the smartphone components, which we
will address in future work.

Simultaneous use with other MagSafe accessories. MagSafe’s
structural constraints allow only one accessory to be attached to
a smartphone at a time. Since our system is also designed as a
MagSafe accessory, it is subject to the same limitation. However, we
anticipate that if accessories such as wallets or holders are designed
as MagPie slices, it would be possible to use them in conjunction
with our proposed input slices. Additionally, a MagPie base frame
can be expanded to include features such as wireless charging. We
plan to explore this potential expansion in future work.
Enhancing input recognition algorithm. The current MagPie
prototype is designed with the assumption that users will trigger
one slice at a time with the appropriate force. However, during
our user study, we observed counterintuitive cases where a small
number of participants triggered multiple slices simultaneously or
pressed buttons incompletely. Such input styles could cause the
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magnetic fields from multiple slices to interfere with each other or
incomplete inputs to form false-positive magnetic fields, resulting
in input recognition errors. To address these edge cases, we plan
to complement the current input recognition algorithm by incor-
porating additional modalities, such as acoustic signals, as part of
our future work. For example, we can extend MagPie’s mechanical
structure to generate sounds at different frequencies for each slice
position when completely triggered and leverage these sounds as
additional modalities to distinguish slice inputs.

Exploration of more ergonomic slice design. As discussed in
Section 7.1, although the customizable nature of MagPie allows
users to optimize their comfort and ease of use, participant feedback
revealed that some bulky slices can still create negative experiences
despite this flexibility. For example, P2 and P14 stated, "Large slices
like ’rLever’ cause discomfort regardless of their placement.". Thus,
we plan to address this limitation in future work by developing
more compact and ergonomic slice designs.

9 Conclusion

This paper presents MagPie, an innovative interface that extends
the dimensions of smartphone interaction to the back of the device,
while satisfying the following requirements: high deployability,
usability, safety, responsiveness, accuracy, and robustness. To re-
alize this, MagPie harnesses the magnetic phenomena induced by
MagSafe. Specifically, it is designed as a customizable tangible in-
put accessory that snaps onto any MagSafe-enabled smartphone,
empowering users to tailor its input modules (MagPie slices) as
desired and providing tactile user feedback during interactions.
These slices have a unique structure that converts mechanical in-
puts into magnetic signals. The signals are then detected using the
smartphone’s built-in magnetometer and used as a key feature for
identifying MagPie inputs. Through the evaluation with a proto-
type implementation of MagPie, we demonstrated that MagPie can
identify inputs with a high level of accuracy i) regardless of users,
smartphone form factors, and layouts and ii) even in magnetically-
noisy environments. Furthermore, through in-depth user studies
with 14 participants, we also demonstrated that MagPie’s intuitive
and tangible design allows users to quickly get adapted to BoD
interaction, while its customizable design drastically reduces users’
perceived workload. Overall, the participants offered positive feed-
back. We anticipate that MagPie will accelerate the development
of creative and useful applications in the near future.
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Supplementary study: Task Performance
Comparison Across Interfaces

Task. In this study, we compared task performance between MagPie
and a touchscreen interface, using task completion time as the
representative performance metric. For the task, we utilized an
open-source game called Space Invaders?, where the objective
was to eliminate all enemies as quickly as possible by moving a
laser cannon horizontally and firing lasers at them (see Figure 17(a)).
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A cannon moves horizontally

(b) Gameplay examples with different interfaces.

Figure 17: Experiment setups for task performance compari-
son with real-world users.

Since the lasers fired continuously and automatically, participants
only needed to control the cannon, moving it left or right. We
then asked each participant to play the game using the touchscreen
interface and MagPie, while holding the smartphone in a horizontal
orientation.

As demonstrated in Figure 17(b), when using the touchscreen in-
terface, participants moved the cannon by touching the far edges of
the display with both thumbs. A discrete touch caused the cannon
to move once, while holding down the touch enabled continuous
movement in one direction. Additionally, we modified the game to
support the MagPie interface. The cannon’s movement direction
and distance were determined by which MagPie slice is activated
and for how long, respectively. To control the potential confound-
ing variables (e.g., cannon control sensitivity and enemy movement
speed), all game configurations were kept consistent across inter-
faces. For example, the distance the cannon moved when the screen
was touched for 1 second was identical to the distance it moved
when the MagPie slice was activated for the same duration.
Experiment design. For the MagPie interface, we used three dis-
tinct layouts, each involving 1) two rButtons, 2) an rLever, and 3)
an sLever (see Figure 17(b)). Therefore, a task set consisted of four
conditions: one using the touchscreen interface and three using the
different MagPie layouts. In each task set, participants played the
game until they completed the game (i.e., remove all enemies) under
each of the four conditions and repeated the task set three times.
Thus, a total of 12 tasks (4 conditions X 3 sets) were performed per
participant. To minimize potential learning effects that occurred by
the order of the conditions, we randomized the order within each
set using a Balanced Latin Square design.
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Figure 18: Task completion time comparison between differ-
ent interfaces. In this box-and-whisker plot, the whiskers
indicate the minimum and maximum completion times, re-
spectively.

Procedure. Participants were given a one-minute practice session
prior to their first trial with each interface, allowing them to famil-
iarize themselves with the specific input modality. This practice
also allowed participants to become familiar with game specifica-
tions such as input sensitivity and the moving speed of enemies.
During the experiment, participants were instructed to eliminate
all enemies as quickly as possible by either touching the screen or
using the MagPie slices. We measured the time taken from when
the participant started the game until the task was completed. The
completion time was automatically recorded within the game.
Result. Figure 18 illustrates the completion times of the Space
Invaders task using touchscreen and MagPie interfaces. Although
all participants used MagPie for the first time and were much more
familiar with the touchscreen interface, MagPie showed a com-
parable to or slightly lower performance than the touchscreen.
The mean completion time for the touchscreen interface was 49.53
seconds (SD=3.99), and the completion times for the MagPie inter-
faces, using two rButtons, rLever, and sLever, were 54.56 seconds
(SD=5.75), 55.32 seconds (SD=5.52), and 51.9 seconds (SD=4.01),
respectively. Interestingly, the minimum completion time across all
types of interfaces was similar. The touchscreen interface resulted
in 44.31 seconds, the two rButtons layout 45.45 seconds, the rLever
46.78 seconds, and the sLever 46.82 seconds. This indicates that par-
ticipants who quickly adapted to MagPie could complete the tasks
within nearly equivalent time to using the touchscreen. In other
words, we confirmed that MagPie has an intuitive design, allowing
users to quickly understand how to operate it effectively with mini-
mal learning time. One notable point is that, as shown in Figure 18,
the distribution of completion times for the two rButtons interface
was noticeably wider compared to the other interfaces. This wider
distribution could be caused by several participants who reported
that pressing the button required more effort than expected. For
example, P13 mentioned, "Pressing the button required more physical
effort than I expected.". Given this feedback, as a potential solution,
we can reduce the spring tension which could alleviate the physical
strain and improve the usability.
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